Rice is unique among plants in that it accumulates major amounts of two types of seed storage proteins, prolamines and glutelins, which along with starch, serve as sources of carbon and nitrogen for the postgerminative seedling. Here, we investigate the role of the small GTPase Rab5 in the biosynthesis of storage proteins through characterization of the loss-of-function mutant glup4. In situ RT-PCR and fluorescence microscopy revealed the glup4 mutant is impaired in glutelin mRNA localization to the cortical endoplasmic reticulum in developing endosperm cells. Furthermore, microarray and two-dimensional difference in gel electrophoresis analysis of transcript and protein abundance, respectively, identified a number of genes whose expression is affected by the loss of Rab5, including starch biosynthetic enzymes. Our results indicate Rab5 is important for RNA and protein sorting in rice seed and supports previous observations that the biosynthesis of starch and storage proteins may be interrelated.
Introduction
Seeds accumulate large amounts of storage reserves synthesized from translocated photoassimilates which are utilized by the developing embryo and germinating seedling. In cereal seeds, these reserves are in the form of starch and storage proteins and provide the main source of carbon and nitrogen, respectively. Although seemingly unrelated, evidence suggests that the biosyntheses of these storage products may actually be coordinated (Giroux et al. 1996 , Muller-Rober et al. 1992 , Nelson 1982 , Stark et al. 1992 . As seeds are a vital component of the human diet throughout much of the world, understanding the mechanism underlying this possible interrelatedness is of great importance.
One approach to investigate this relationship is to identify and characterize mutants defective in starch or storage protein synthesis. Chemical mutagenesis by N-Methyl-NNitrosourea (MNU) of rice (Oryza sativa) has proven to be an effective method for inducing mutations at a high rate of frequency and has yielded a large collection of mutant populations (Suzuki et al. 2008) , including those impaired in storage protein biosynthesis. Rice endosperm cells uniquely accumulate major quantities of two classes of storage proteins, prolamines, typical of cereals, and glutelins, homologous to 11S globulins that are accumulated by legumes (Muench and Okita 1997) . Protein synthesis occurs on the endoplasmic reticulum (ER), but the resulting polypeptides are packaged into separate intracellular compartments: prolamine accumulates within the ER lumen, while glutelin is sorted to protein storage vacuoles via the Golgi apparatus (Krishnan et al. 1986 , Yamagata et al. 1982 . Interestingly, proper protein sorting to these distinct compartments has been found to be dependent upon the targeted transport of their RNAs to different subdomains of the cortical ER (reviewed in Crofts et al. 2005) . Prolamine mRNAs are localized to ER that delimits prolamine intracisternal inclusion granules, while glutelin RNAs are directed to the adjacent cisternal ER (Choi et al. 2000) . This targeted transport requires both cis-and trans-acting factors, although the exact mechanism remains unknown. The spatial separation of mRNAs and subsequent protein synthesis may serve to prevent deleterious protein-protein interactions within the ER lumen (Crofts et al. 2005) .
The MNU-induced glup4 rice mutant exhibits altered storage protein biosynthesis in that it accumulates higher levels of the 57 kD glutelin precursor (Satoh et al. 1999 , which is normally processed into acidic and basic subunits in the protein storage vacuole , Yamagata et al. 1982 . Map based cloning and DNA sequence analysis of several glup4 alleles revealed that the glup4 mutation lies within the gene encoding Rab5a , a small GTPase with multiple roles in endosome formation, transport, and ER remodeling (Audhya et al. 2007 , Gould and LippincottSchwartz 2009 , van der Bliek 2005 . Consistent with this, the glup4 mutant shows an obvious disruption in the general endomembrane architecture in developing endosperm cells as evident by the appearance of thick cell walls and large multivesicular body-like organelles containing proteins normally located in the ER, Golgi, prevacuolar compartment and plasma membrane (Fukuda et al. manuscript in preparation) . Interestingly, targeting of glutelin to protein storage vacuoles is also disturbed, indicating a role for Rab5 in protein sorting in rice.
In an effort to better understand the events surrounding the biosynthesis of storage proteins and the involvement of Rab5, we sought to further characterize the glup4 mutant. The apparent requirement of Rab5 for glutelin protein localization (Fukuda et al. manuscript in preparation) led us to examine the effect of the glup4 mutation on storage protein mRNA localization as well as on global transcript and protein abundance. Our results suggest that Rab5 is not only important for multiple aspects of storage protein synthesis, but also for proper expression of a functionally diverse group of genes, including those involved in starch biosynthesis. Investigation of this Rab5 activity may provide insight into the relationship between the biosynthesis of carbon and nitrogen-containing seed storage reserve compounds in rice.
Materials and Methods

Plant Materials
N-methyl-N-nitrosourea (MNU) mutagenesis resulting in the rice (Oryza sativa ssp. japonica cultivar Taichung 65) glup4 mutant line, EM956, has been previously described (Satoh et al. 1999 . Plants were grown in a controlled environment with a 12-hour, 27°C day and a 12-hour, 23°C night. In order to induce flowering, plants were moved to a shorter light period (10 hours) for two weeks, and then returned to 12-hour, 27°C days and 12-hour, 23°C nights.
In situ RT-PCR
The procedure for cryosectioning, fixation and washing of 10-15-day-old developing rice seed sections that were prepared and subjected to in situ RT-PCR was described previously (Choi et al. 2000) . In situ RT-PCR was performed in the presence of 2 mM MgCl 2 , 0.5 mM MnSO 4 , 20 μM each of dATP, dCTP, dGTP, 10 μM dTTP, 10 μM Oregon Green 488 dUTP (Molecular Probes, Eugene, OR, USA), 5 mM dithiothreitol, 150 U ml −1 RNasin (Promega, Madison, WI, USA), PCR enhancer, 50 U ml −1 Tth DNA polymerase (Epicentre, Madison, WI, USA) and 0.5 μM οf gene-specific primers (5′-TAAGCAGTGGAGTAGCAAGA CAAC-3′ and 5′-TCATCCAAACCATTAGAGCAACTA-3′ for glutelin gt-2, 5′-AGTCAATATGGAAGTGGCTGC TCT-3′ and 5′-CTAAGAGGATTCTGCCGCATTATA-3′ for glutelin gluA-1, 5′-AAACAACTTCAAGGTAGTTGC TCT-3′ and 5′-TTATGCACTCACAGATATGTCTTG-3′ for glutelin, gluA-3, 5′-CGACAGCAAACATCTTCTCGA TGG-3′ and 5′-TTACTCTGAGGTCTCGCTTTCGGA-3′ for glutelin gluB-1, 5′-CAGCTCGAGCAGCAATGAAGA TCATTTTCGT-3′ and 5′-GTCGTAGCCAAGACACCGC CAAGGGTGGTA-3′ for prolamine) The RT-PCR reaction was allowed to proceed at room temperature (18-22°C) for 30 min followed by 60°C for 30 min, then subjected to none to four amplification cycles of 94°C for 1 min, 54, 55 or 56°C for 1 min, 72°C for 1.5 min followed by 72°C for 5 min. The sections were then washed twice for 2 h each in 2X SSC (0.3 M NaCl, 30 mM sodium citrate), twice for 10 min each in 0.2X SSC and then stained with 0.1 μM rhodamine B hexyl ester to label the prolamine PB. Confocal microscopy was performed on a Zeiss 510 series laser scanning confocal microscope (Jena, Germany) and Bio-Rad view Scan DVC-250 laser scanning microscope using the fluorescein and rhodamine filter sets. Image processing was performed using Adobe Photoshop (Mountain View, CA, USA), NIH image or Microsoft PowerPoint (Redmond, WA, USA).
Microarray sample preparation, labeling, and hybridization
Freshly harvested mid-developing seeds from both Taichung 65 wildtype and glup4 mutant rice were immediately frozen in liquid nitrogen and stored at −80°C prior to subsequent RNA extraction. Three independent biological replicates were performed in which Cy3-labeled control samples (Taichung 65) were hybridized with Cy5-labeled glup4 samples. In addition, three independent biological replicates of Cy3-labeled Taichung 65 probe were also hybridized with the same aRNA except labeled with Cy5 as a control for the error-model based statistical analysis as originally described in Roberts et al. (2000) . As a result of this analysis, we chose to use a stringent P-value cutoff (P < 0.001) in order to minimize the number of potential false positives detected.
RNA was extracted from an equal mass and number of dehulled Taichung 65 and glup4 rice seeds (typically 10 seeds and ~0.20 g) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified using RNeasy columns (Qiagen, Valencia, CA, USA) prior to quantification and assessment of purity. Cy3 and Cy5-labeled aRNA probes were then prepared using an Amino Allyl MessageAmp aRNA II amplification kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions, using the recommended NHS ester-Cy3 and -Cy5 dyes (GE Healthcare).
Rice NSF45K arrays were purchased through the NSF Rice Oligonucleotide Array Project (http://www.ricearray. org/index.shtml) described by Jung et al. (2008) . Array slides were pre-hybridized with 5X SSC, 0.1% SDS, 1% BSA at 42°C for at least 2 hours with rotation and then rinsed thoroughly prior to drying under a stream of nitrogen. Probes were resuspended in 58 μL of hybridization buffer (50% formamide, 5X SSC, 0.1% SDS, 10 mM DTT) and supplemented with 20 μg of fragmented salmon sperm DNA. Probes were heat denatured for 3 min, snap cooled on ice and then centrifuged to remove any precipitates. 28 μL was then applied onto each of the pre-hybridized paired slides. Coverslips were placed on the slides which were then sealed in hybridization chambers and incubated at 48°C for 16 hours in the dark. After hybridization, slides were placed in a washing dish with low stringency buffer (2X SSC, 0.1% SDS) at 48°C and washed for 10 min twice with stirring. Washing buffer was exchanged with high stringency buffer (0.1X SSC, 0.1% SDS) and slides were washed twice for 5 min with stirring at room temperature. Final washes were performed twice with 0.1X SSC for 10 min with stirring at room temperature. Slides were then dried under a stream of nitrogen gas and immediately scanned using a ScanArray 4000XL (Packard BioScience, now PerkinElmer) scanner. Image segmentation was performed using GenePix Pro 6.1 software (Molecular Devices, Sunyvale, CA) prior to data export and analysis using Excel (Microsoft) using a modified version of the error-model based method originally described in Roberts et al. (2000) . Reported fold changes were derived from the weighted average of the biological replicate log 2 ratios following the method described in Lee et al. (2002) .
Quantitative real-time PCR analysis
Total RNA was extracted from mid-developing rice seeds using TRIzol (Invitrogen) as described above. RNA was purified using RNeasy columns (Qiagen) prior to quantification and quality assessment. Reverse transcription reactions were performed on all samples together with appropriate controls using MMLV reverse transcriptase enzyme (Promega). Where possible, intron spanning primers were used to avoid the amplification of any contaminating genomic DNA. All primers (Supplemental Table 1 ) were tested thoroughly by running completed optimizing reactions on gels to visually inspect for the presence of primer dimers and other non-specific amplification products. The appropriate forward and reverse primer concentrations were experimentally determined as outlined in the instructions which accompanied the SYBR Green PCR Mater Mix (Applied Biosystems, Carlsbad, CA, USA). Multiple separate PCR runs were performed with both technical and biological replicates using an ABI7500 machine and software version 2.0.1 which allows normalization from the average of three distinct housekeeping genes. Data was analyzed using the comparative C T method (ΔΔC T ) as recommended by Applied Biosystems in the document entitled "Guide to Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative PCR".
Protein sample preparation, CyDye labeling, and 2D gel electrophoresis All steps were performed at 4°C or on ice unless indicated. Wildtype or glup4 mutant developing rice seeds (12-14 DAF) were frozen in liquid N 2 and stored at −80°C until use. Dehulled seeds (~2.5 grams) were ground in 6 ml extraction buffer (0.1 M Tris-Cl pH 7.5, 0.25 M sucrose, 0.1 M KCl, 50 mM magnesium acetate, 1 mM EDTA, 10 μM leupeptin, 1 μM pepstatin, 1 mM PMSF, 1 mM DTT), filtered through 2 layers of Miracloth, and centrifuged twice at 100 × g for 10 min to remove starch. The resulting supernatant was centrifuged for 2.5 hrs at 150000 × g. Soluble proteins were precipitated overnight with 3 parts ice-cold acetone at −40°C and resuspended in lysis buffer (30 mM Tris-Cl pH 8.5, 7 M urea, 2 M thiourea, 4% (w/v) CHAPS) by vortexing for 1 hr at room temperature. Protein samples were centrifuged for 15 min at 18300 × g and concentration was measured in triplicate using 5X Protein Assay Reagent (Cytoskeleton) and bovine serum albumin as a standard.
For two-dimensional difference in gel electrophoresis (2D-DIGE), 50 μg of protein extract was adjusted to 10 μl with lysis buffer and labeled with 100 pmol Cy3 or Cy5 CyDye DIGE Fluors minimal dyes (GE Healthcare) according to the manufacturer's instructions. An equal volume of 2X sample buffer (8 M urea, 130 mM DTT, 4% (w/v) CHAPS) was added to each sample and after a 10 min incubation on ice, Cy3 and Cy5 samples were combined. pH 6-11 and pH 3-10 carrier ampholytes were each added to a final concentration of 0.5% (GE Healthcare), followed by 1X sample buffer (8 M urea, 65 mM DTT, 4% (w/v) CHAPS) to a final volume of 425 μl. Samples were clarified by centrifugation at 18300 × g. pH 3-10 non-linear immobilized pH gradient (IPG) strips (24 cm, GE Healthcare) were re-swelled overnight with DeStreak Rehydration Solution (GE Healthcare) according to the manufacturer's instructions, with appropriate carrier ampholytes added to 1%. Samples were focused on an Ettan IPGphor 3 System (GE Healthcare) with a ceramic manifold as follows: 500 V for 66 min; gradient to 1000 V for 66 min; gradient to 10 kV for 3 hrs, 18 min; 10 kV until 50000 total Vhrs were reached. After IEF, strips were equilibrated and run on 10-18% polyacrylamide gradient gels as in Doroshenk et al. (2009) . For preparative 2D gels, 1 mg of protein was diluted to 425 μl with sample buffer and 1% total carrier ampholytes and run as described above.
2D gel image analysis and protein identification
2D-DIGE gels were scanned at 100 μm resolution using a FLA-5100 dual laser scanner with a Cy3/Cy5 dual emission filter (FUJI Medical, Stamford, CT, USA). Cy3/Cy5 overlaid images were visualized using MultiGauge software (FUJI Medical). 2D-DIGE experiments were conducted in biological triplicate and the resulting images analyzed using Delta2D v4.0 software (Decodon GmbH, Greifswald, Germany). A fused image was created from all 2D gels from which spots were detected by the software and verified manually. The resulting spot pattern containing 860 spots was transferred back to the original 2D gel images and after background subtraction and normalization of spot volumes, statistical analysis was done using the nonparametric Wilcoxon rank sum test. Protein spots were considered differentially expressed if P < 0.05 and there was at least a 2-fold difference in normalized spot volume. Corresponding protein spots from preparative Sypro Ruby-stained (Bio-Rad) 2D gels were excised and in-gel trypsin digested as in Crofts et al. (2010) . Extracted peptides were analyzed by liquid chromatographytandem mass spectrometry as described in Doroshenk et al. (2009) .
Proteins were identified by searching the Oryza sativa NCBI non-redundant database (132595 sequences) using the search engine Mascot (www.matrixscience.com) as in Doroshenk et al. (2009) . Protein identifications were considered unambiguous if they had a significant probability-based Mascot MOWSE score (P < 0.05) and if there were at least two peptide matches. Because multiple NCBI protein accession numbers were often assigned to the same set of peptides, peptides for each significant protein hit were instead searched against release 6 of the Rice Genome Annotation Project to identify the corresponding TIGR gene accession numbers and Gene Ontology annotations (Ouyang et al. 2007) . cDNA accession numbers from the Rice Annotation Project were reported if no gene accession was found (Tanaka et al. 2008) .
Results
Storage protein RNA localization in glup4 developing endosperm Characterization of the glup4 mutant indicates Rab5 is necessary for transport of glutelin to its final site of accumulation in protein storage vacuoles in developing rice endosperm (Fukuda et al. manuscript in preparation) . Previous studies have shown that proper storage protein deposition is also dependent upon targeted localization of the mRNA to the cortical ER (Crofts et al. 2005 , Washida et al. 2009 ). To determine whether Rab5 is involved in storage protein mRNA transport as well, in situ reverse transcriptase-PCR (RT-PCR) of developing seed sections was employed to assess the localization of glutelin and prolamine mRNAs in the glup4 mutant. Using RT-PCR in the presence of dUTPOregon Green to label RNAs and rhodamine B hexyl ester to stain prolamine protein bodies, glutelin RNAs are found to be preferentially transported to the cisternal-ER (Cis-ER) in wildtype endosperm (Fig. 1) . Prolamine RNAs, on the other hand, are targeted to ER that delimits the spherical prolamine protein bodies (PB-ER). In the glup4 mutant, however, glutelin RNAs are partially misdirected from the Cis-ER to the PB-ER (Fig. 1) , as well as to large dilated multivesicular body-like structures located near the plasma membrane (data not shown). The glutelin RNA mistargeting was not only observed in one gene (Gt-2), but also in others (GluA-1, GluA-3 and GluB-1, data not shown). Prolamine RNA localization to the PB-ER is unaffected (Fig. 1) , suggesting that Rab5 is involved in glutelin RNA sorting only.
Overview of transcriptomic and proteomic analysis of glup4
Analysis of storage protein RNA and protein localization in glup4 endosperm cells suggests a role for Rab5 in both RNA and protein sorting. To further elucidate the function of Rab5, we sought to identify differences in transcript and protein expression profiles of glup4 compared to wildtype by microarray and two-dimensional difference in gel electrophoresis (2D-DIGE). Considering only those transcripts or proteins that had at least a 2-fold change in expression, analysis by microarray identified 45 transcripts that were differentially expressed in the glup4 mutant (P < 0.001), while 2D-DIGE and subsequent mass spectrometry led to the discovery of 8 proteins that were up-or downregulated (P < 0.05). In order to obtain a functional profile of genes affected by the glup4 mutation, 'molecular function' Gene Ontology (GO) annotations associated with these gene products were obtained from the Rice Genome Annotation Project and classified into general groups according to GOSlim (Ouyang et al. 2007 ). The most highly represented GOSlim annotation is hydrolase activity and includes enzymes involved in cell wall biosynthesis and carbohydrate metabolism (Fig. 2) . Other genes affected by the loss of Rab5 include those having catalytic activity, such as carbon and amino acid metabolic enzymes, as well as transcription factor and transporter activities. Although not all of the identified gene products had GO annotations and thus are not represented, this analysis serves to highlight the variety of processes that are influenced by a disruption in Rab5 activity. Differentially expressed gene products of particular interest are discussed in more detail below.
Analysis of transcript expression in glup4 developing seeds
Microarray analysis of transcripts isolated from glup4 and wildtype developing seeds identified 35 transcripts that were upregulated and 10 that were downregulated by at least 2-fold in the glup4 mutant using a stringent P value (<0.001) to avoid false positives (Table 1 and Table 2 ). By decreasing the cutoff to include those gene products having at least 1.5-fold change in expression, an additional 7 transcripts were found to be more highly expressed in the mutant (Supplemental Table 2 ). Consistent with the hypothesized role for Rab5 in vesicle-mediated transport and endomembrane maintenance (Fukuda et al., manuscript in preparation), a number of transcripts encoding for cell wall biosynthetic enzymes and membrane-associated proteins demonstrated altered expression, generally exhibiting an increase in abundance. This included mRNAs encoding a pectinesterase inhibitor domain-containing protein, a xylanase inhibitor TAXI-V-type protein, and a COBRA-like protein, which are thought to have roles in the regulation, synthesis, and remodeling of plant cell walls (Dai et al. 2009 , Giovane et al. 2004 , Simpson et al. 2003 . Two transcripts whose gene products are involved in the Golgi-localized generation of non-cellulosic cell wall polysaccharide precursors were also upregulated in the mutant. Cytosolic UDP-glucose dehydrogenase converts UDP-D-glucose to UDP-D-glucuronate, a precursor of pectins and hemicelluloses (Reiter and Vanzin 2001) , while GDP-mannose transporters supply nucleotide sugars to the Golgi for polysaccharide synthesis (Baldwin et al. 2001) . Three other transporter mRNAs were also found to have altered gene expression in glup4, including a sodium/hydrogen exchanger, an ATP binding cassette transporter, and permease, although the latter two were found to be downregulated. A transcript annotated as a glycerophosphodiesterase was also upregulated in the glup4 mutant. This enzyme is involved in membrane phospholipid restructuring and breakdown and localizes to both the cell wall and vacuole in plants (van der Rest et al. 2002) . Interestingly, a dynamin-related protein mRNA was also found to be more highly expressed in the mutant. The Arabidopsis homolog DRP1C is a GTPase suggested to play a role in clathrinmediated vesicle formation on the plasma membrane during endocytosis (Konopka et al. 2008) .
Loss of Rab5 also affected transcripts whose protein products are involved in gene expression. Four transcription factors, including two C2H2-type zinc finger proteins, a GRAS domain containing putative SCARECROW, and a basic region/leucine zipper (bZIP) family protein, were all upregulated in glup4. A transcript encoding an RNase3 domain containing protein, shared by nucleases that cleave double-stranded RNAs as part of gene silencing pathways, also exhibited higher expression in the mutant (Kapoor et al. 2008) . Protein synthesis and regulatory genes affected by the glup4 mutation include a eukaryotic translation initiation factor, ubiquitin carboxyl-terminal hydrolase, and two protein degradation enzymes, an F-box domain containing protein (Jain et al. 2007 ) and rhomboid family protein (García-Lorenzo et al. 2006), which were all upregulated. Another mRNA encoding a protein modifying polypeptide, aminopeptidase, was found to be downregulated in glup4. Three transcripts representing proteins involved in carbon metabolism were upregulated. Hexokinase is a multifunctional protein, not only involved in carbohydrate metabolism, but also in glucose sensing, signal transduction, and gene expression (Frommer et al. 2003) . In rice, the OsHXK7 transcript was found to be highly expressed throughout all stages of seed maturation, suggesting a role in endosperm development (Cho et al. 2006) . The putative glycogenin identified in this study is similar to plant glycogenin-like starch initiation proteins (PGSIPs) (Yin et al. 2010) , which may play a role in the generation of primers for starch synthesis (Chatterjee et al. 2005) . However, the coded protein contains a predicted signal peptide for targeting and translocation to the endoplasmic reticulum. Finally, LOC_Os08g38710, annotated as a raffinose synthase/seed imbibition protein, is related to a novel family of plant alkaline α-galactosidases. These enzymes are involved in the initial hydrolysis of raffinose family oligosaccharides, which serve as storage carbohydrates in seeds (Carmi et al. 2003) .
Validation of microarray data by quantitative real-time PCR
In order to validate some of the transcripts which showed the most significant changes in abundance between wildtype and glup4 samples and to investigate some other genes of interest with less significant changes in expression (P < 0.01, Supplemental Table 3), RNA was isolated and subjected to reverse transcription followed by quantitative real-time PCR (qRT-PCR). Ten target genes were initially selected together with five housekeeping genes, the best three of which were subsequently used for normalization. After optimization of primers, including determination of optimal forward and reverse primer concentrations, confirmatory data from multiple independent experiments was obtained for all but one of the transcripts analyzed. As can be seen in Supplemental  Table 3 , analysis of the most highly upregulated genes by qRT-PCR indicated a significantly greater fold change in expression than that observed by microarray analysis. Despite the capability of microarray analysis to rapidly evaluate the expression of a large number of transcripts, this technique is subject to problems of variable background and probe hybridization which are not present in real-time PCR analysis. Provided primers are carefully chosen and evaluated, qRT-PCR provides a much more accurate analysis of fold changes in transcript abundance. For example, while the microarray data showed a 5.3-fold upregulation of the transcript for ABA/WDS (LOC_Os01g72900) in glup4, the second most highly induced transcript observed, the qRT-PCR data indicated a much higher 75-fold increase in transcript abundance (Supplemental Table 3 ). Likewise, the transcript for Dynamin-related 1C showed, on average, a 3.9-fold increase in expression in glup4 seeds by microarray analysis, but a 39-fold increase in expression as determined by the average of multiple normalized qRT-PCR experiments. Analysis of tubulin alpha-1 transcript levels (LOC_Os03g51600; P = 0.00434) was performed to verify that what was suspected to be a false positive upregulation was indeed so. Thus, the only non-confirmatory result was obtained when as expected, the qRT-PCR analysis showed essentially no change in expression (0.9-fold) of this gene between wildtype and glup4 samples. This reason validated our choice to consider only those differentially expressed transcripts with a stringent P-value of <0.001. qRT-PCR analysis of four transcripts meeting this criteria (ABA/WDS induced protein, dynamin-related protein 1C, RNase domain containing protein, and COBRA-like protein 2 precursor) were all found to be upregulated (Supplemental Table 3 ), similar to what was seen in the microarray analysis (Table 1) .
Analysis of protein expression in glup4 developing seeds
A number of studies have shown that the relationship between transcriptome and proteome does not always directly correlate (Hack 2004 ). This discrepancy can be attributed to regulatory events such as alternative splicing, varying rates of mRNA and protein synthesis, stability, post-translational modifications, and turnover. In light of this, as well as Rab5's apparent involvement in protein trafficking within the cell (Fukuda et al. manuscript in preparation), we utilized 2D-DIGE to analyze the protein expression profiles of soluble extracts from 12-14 DAF wildtype and glup4 rice seeds (Fig. 3) . Twenty-one protein spots were found to be differentially expressed (P < 0.05) with at least a 2-fold change in expression when analyzed on pH 3-10 non-linear immobilized pH gradient strips. Of these, 6 spots were upregulated and 15 spots were downregulated in the glup4 mutant. 17 spots were excised and 12 spots yielded reliable mass spectrometry results. Four of the 12 spots represented repeat protein identifications, likely the result of posttranscriptional and -translational processing, giving a total of 8 unique proteins (Table 3 and Table 4 ). Following less stringent guidelines of at least a 1.5-fold change in expression, an additional 13 unique proteins representing 23 protein spots were identified; 7 of these proteins were upregulated in the glup4 mutant, while 6 proteins were downregulated (Supplemental Tables 4 and 5) . A list of all identified proteins and their corresponding mass spectrometry peptides, as well as a map of spots selected from the 2D-DIGE gel, can be found in Supplemental Table 6 and Supplemental Fig. 1 , respectively.
Only two proteins were found to have at least a 2-fold increase in expression in the glup4 mutant (Table 3) . One of these proteins, annotated as a glycosyl hydrolase, has similarity to xylanase inhibitor (XI) proteins, which function in cell wall restructuring (Simpson et al. 2003) . Although not the same protein, xylanase inhibitor TAXI-VI mRNA was also found to be upregulated in the mutant (Table 1) . Rubisco protein levels were also found to be higher in the mutant than in wildtype by 2-fold and a similar increase was seen in transcript levels (1.9-fold, Supplemental Table 2 ). The presence of Rubisco in seeds may not be related to its traditional role in the Calvin cycle, but instead could be due to an alternate function in recycling carbon dioxide (Allen et al. 2009) . A number of proteins involved in other aspects of carbon metabolism were found to be downregulated in glup4, including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and pyruvate, orthophosphate dikinase (PPDK ,  Table 4 ). GAPDH is traditionally thought of as a glycolytic enzyme, but similar to hexokinase, has been demonstrated to perform multiple functions. Independent of its glycolytic activity, GAPDH interacts with the small GTPase Rab2 and is necessary for ER to Golgi transport in animals (Tisdale et al. 2004) . It also has been found to have RNA binding activity with proposed roles in gene expression, RNA transport, and regulation of translation (Nagy et al. 2000) . PPDK is an important enzyme in C4 photosynthesis, catalyzing the interconversion of pyruvate and ATP to phosphoenolpyruvate (PEP), but may play a non-photosynthetic role in carbon allocation in developing seeds. In a rice PPDK knockout mutant, the endosperm had a floury phenotype consisting of loosely packed starch granules (Kang et al. 2005) . Furthermore, studies have suggested that PPDK may be an important regulator of carbon and nitrogen seed storage reserves by directing carbon into starch or amino acid synthesis (Prioul et al. 2008) . Maize endosperm PPDK was found to partially exist in a complex with starch synthesis enzymes, supporting this hypothesis and furthering the idea that these pathways are interrelated (Hennen-Bierwagen et al. 2009 ). Two starch biosynthetic enzymes were also downregulated in the mutant. Rice α-1,4-glucan phosphorylase 1 (Pho1) is believed to be involved in the initiation of starch synthesis (Hwang et al. 2010 , while pullulanase acts as a starch debranching enzyme in the synthesis of amylopectin (Fujita et al. 2009) . A putative isopropylmalate synthase, involved in the synthesis of the amino acid leucine from pyruvate (de Kraker et al. 2007) , had decreased expression as well.
Although having only a 1.9-fold change in expression, one interesting protein that was downregulated in the glup4 mutant was Ras-related protein RIC1 (Supplemental Table 5 ). This small GTPase has homology to members of the yeast ypt1 gene family (Kidou et al. 1993) , which has been shown to be involved in ER to Golgi, intra-Golgi, and Golgi to plasma membrane transport (Segev 2001) . Other noteworthy proteins identified that did not meet the 2-fold expression cutoff include a putative RNA recognition motif containing protein (up 1.7-fold), additional carbon metabolic enzymes (glucose 6-phosphate isomerase [up 1.5-fold], bis-phosphoglycerate-independent phosphoglycerate mutase [down 1.6-fold], and NADP-dependent malic enzyme [down 1.6-fold]), and lumenal chaperone OsPDIL1-1 (up 1.5-fold) (Supplemental Tables 4 and 5 ). Interestingly, OsPDIL1-1 is believed to play a role in proper storage protein folding and sorting in the ER , Takemoto et al. 2002 and was found to be mislocalized Fig. 3 . Two-dimensional difference in gel electrophoresis (2D-DIGE) analysis comparing the soluble protein fraction from glup4 and wildtype developing rice seeds using pH 3-10 nonlinear immobilized pH gradient strips. (Left) Overlay DIGE image of the Cy3-green/Cy5-red channels. (Cy3) 50 μg of protein extract from glup4 seeds. (Cy5) 50 μg of protein extract from wildtype seeds. Molecular masses are indicated on the left, while isoelectric points (pI) are indicated at the top. The region of the gel from pH 3 to pH 4 contained no protein spots and was omitted.
with glutelin in the glup4 mutant (Fukuda et al. manuscript in preparation).
Discussion
The role of Rab5 in storage protein biosynthesis From this and other studies (Fukuda et al. manuscript in preparation), it is apparent that the small GTPase Rab5 plays a role in both storage protein mRNA and protein sorting. It is interesting to note that only the transport of glutelin RNAs, and not prolamine, is affected in the glup4 mutant (Fig. 1) . Instead of being associated with the Cis-ER, glutelin RNAs are found partially mislocalized to PB-ER, the site of normal prolamine RNA localization. The involvement of Rab5 in RNA transport suggests that these events are dependent upon endosomes and/or ER membranes, a welldocumented occurrence in yeast and animal systems (Cohen 2005) . Consistent with Rab5's role in ER remodeling (Audhya et al. 2007) , one possible explanation for this mislocalization in rice is that Rab5 mediates the transport of glutelin RNAs and associated trans-acting protein factors on ER-derived vesicles, which then fuse to the cortical Cis-ER. In glup4, the loss of Rab5 may instead cause the vesicles to fuse to the PB-ER, perhaps through the activity of another Rab protein specific for transport to this particular ER subdomain. As PB-ER is limited in size, the remaining vesicles carrying glutelin RNA transport particles may assemble and fuse to form the large dilated membrane structure evident in the mutant (data not shown). Interestingly, a Drosophila rab11 loss of function mutant also exhibited impaired RNA transport, where instead of reaching the posterior pole of oocytes, oskar mRNAs formed aggregates within the cell, suggesting a role for this protein in RNA localization (Cohen 2005) . To further our understanding of Rab5's involvement in RNA trafficking in rice endosperm, current efforts are underway to identify the interacting effector protein responsible for this Rab5 activity, as well as other RNAs localized to the distended structures seen in glup4 which may be cotransported with glutelin RNAs.
The effect of Rab5 mutation on gene expression
The results of the microarray and 2D-DIGE analyses of glup4 may be a reflection of Rab5's role in RNA and protein sorting. Over 50 genes were identified whose transcript or protein expression was affected in the glup4 mutant by at least 2-fold (Table 1-Table 4 ). Although RNA and protein expression of Rubisco and two functionally related xylanase inhibitor genes were coordinated between the two analyses (Table 1 and Table 3 ), no other comparisons of significance could be made, a trend observed in similar studies (Hack 2004) . Regulatory events such as alternative splicing, stability, and post-translational modifications may account for the lack of correlation between changes in RNA and protein expression. A decrease in protein expression but no change in transcript abundance, such as the case with glyceraldehyde 3-phosphate dehydrogenase and PPDK (Table 4) , could indicate high rates of protein turnover within the cell. Delays in protein expression following transcript synthesis may also provide an explanation (Wang et al. 2010) . Since seeds from the same developmental stage were utilized for both experiments, it is possible that a correlation could be seen if other time points were analyzed. 2D-DIGE analysis of a membrane or membrane-associated protein fraction, in addition to the soluble fraction used here, may also yield additional Table 3 . Proteins upregulated in the glup4 mutant compared to wildtype (P < 0.05) 2D-DIGE spot map and identified proteins can be found in Supplemental Fig. 1 and Supplemental Table 6 .
information. It should be noted that two of the differentially expressed proteins identified by 2D-DIGE (isopropylmalate synthase and pullulanase) were not included in the microarrays. Genes affected by the loss of Rab5 were highly represented functionally by those involved in cell wall biosynthesis, transport, and carbohydrate metabolism. This is consistent with the altered cell wall and membrane architecture seen in the glup4 mutant as well as a suggested role for Rab5 in protein transport to protein storage vacuoles and the plasma membrane (Fukuda et al. manuscript in preparation). The cell walls of glup4 endosperm are thicker than wildtype and the large multivesicular body-like structure contains β-glucan. These phenotypic changes in cell wall architecture are consistent with the increases in RNAs related to cell wall metabolism.
Differences in gene expression between wildtype and glup4 could also be the result of disrupted RNA localization of those transcripts within the cell, as it is unknown what other RNAs besides glutelin are dependent upon the transport activity of Rab5. In addition to being mislocalized to the PB-ER, glutelin RNAs are also observed on the large multivesicular body-like structure (data not shown). Present efforts are directed at isolating these novel structures and assessing their RNA composition. Such results will provide insight on what possible biochemical and cellular processes may be affected by mistargeting of RNAs in the cell.
Implications for the coordinated regulation of seed storage reserves
The identification of a number of genes having roles in carbon metabolism, and in particular starch, as being differentially expressed in glup4 supports the idea that the syntheses of nitrogen and carbon storage reserves in seeds are interrelated processes. Although the underlying mechanism is not understood, genetic lines which have known mutations in starch or storage protein biosynthesis (Nelson 1982) as well as transgenic plants that have altered levels of starch (Giroux et al. 1996 , Muller-Rober et al. 1992 , Stark et al. 1992 show a direct synchrony between the two pathways, i.e. an increase or decrease in storage proteins results in an increase or decrease in starch. The glup4 mutant not only exhibits a disruption in storage protein biosynthesis, but also in starch, as indicated by a floury seed morphology and up to 20% reduction in seed weight (data not shown).
If Rab5 is indeed involved in the localization of RNAs in rice seeds, it raises the interesting question of whether other RNAs, such as those encoding starch synthesis enzymes, are co-transported with glutelin RNAs. Because the cortical ER is the primary site of protein synthesis in rice endosperm (Okita and Choi 2002) , it is conceivable that RNA-protein transport particles en route to this region would consist of multiple species of RNAs. If storage and starch biosynthetic protein mRNAs are indeed transported together, this may serve as an important regulatory mechanism for the coordinated biosynthesis of these vital storage reserves in plants.
An alternative mechanism is that specific enzymes of primary carbon metabolism may serve as accessory RNA binding proteins in RNA transport and localization. Glyceraldehyde 3-phosphate dehydrogenase is a major glycolytic enzyme but is also involved in RNA metabolism directly as a RNA binding protein to AU-rich regions in transcripts (Nagy and Rigby 1995) or interacts with specific RNA binding proteins that modulate gene expression (Hwang et al. 2009 , Rodriguez-Pascual et al. 2008 . It is interesting to note that protein levels of glyceraldehyde 3-phosphate dehydrogenase are downregulated significantly in glup4, which may be at least partially responsible for the depression in carbon and nitrogen metabolism. Further study is necessary, though, to obtain a better understanding of this relationship, which defines the agronomic and nutritional value of plant seeds.
